A key question in cytokinesis is how the plane of cell division is positioned within the cell. Although a number of cytokinesis factors involved in formation of the actomyosin contractile ring have been identified, little is known about how these factors are localized and assembled at the cell-division site. Cells of the fission yeast Schizosaccharomyces pombe divide using a medial actomyosin ring that assembles in early mitosis [1] . The S. pombe cdc12 gene encodes a formin, a member of a family of proteins that have functions in cytokinesis and cell polarity and that may bind Rho/Cdc42 GTPases, profilin and other actinassociated proteins [1-4]. The cdc12 protein (cdc12p) is required specifically for medial-ring assembly during cytokinesis and is a component of this ring [2, 5] . In this study, cdc12p was found, during interphase, in a discrete, motile cytoplasmic spot that moved to the future site of cell division at the onset of mitosis. Three lines of evidence indicated that this cdc12p spot moved on both actin and microtubule networks: movement required either actin or microtubules; the spot was associated with actin and microtubule structures; and individual spots were seen to move along both microtubule and non-microtubule tracks. These findings demonstrate that a cytokinesis factor may travel on both microtubule and actin networks to the future site of cell division. 
Results and discussion
To investigate the localization of cdc12p, wild-type fission yeast cells were stained for cdc12p using an affinity-purified anti-cdc12 antibody [2] . In interphase cells, cdc12p was located in a discrete cytoplasmic spot ( Figure 1a ). Most cells had only one detectable spot, although some cells had two or more spots. The spots were located in the cytoplasm and were not restricted to the cell surface. These spots were very similar to those previously described in cells overexpressing cdc12p [2] . During mitosis, cdc12p was present in the medial cell-division ring, as previously described (Figure 1a , lower panel) [2] .
As cdc12p interphase spots in fixed samples were present in variable locations in the cell, the possibility that the spot moves was considered. To visualize cdc12p in living cells, a fusion protein between the green fluorescent protein and cdc12p (GFP-cdc12p) was used as a marker [2] . Cells expressing this fusion protein exhibited a bright GFP spot in almost every interphase cell and a ring in mitotic cells. The fusion protein was not fully functional as its expression did not rescue a cdc12-112 mutant, and it was overexpressed 5-10-fold over endogenous levels for imaging purposes. Nevertheless, GFP-cdc12p served as a good marker for cdc12p localization as it was located in similar structures as wild-type cdc12p (spot and ring) and, like the wild-type protein, was associated with a large particle in yeast extracts (F.C., unpublished observations). Expression of the GFP fusion protein at the levels described here did not impair the rate of cell growth. Recently, a carboxy-terminal cdc12-GFP fusion protein was found to be functional and also localized to motile spots. Most of the studies presented in this paper have been repeated with the carboxy-terminal fusion protein and lead to the same basic conclusions (see Supplementary material). The GFP-cdc12p fusion protein was used primarily in this study because it is more resistant to photobleaching than cdc12p-GFP.
Time-lapse fluorescence images revealed striking movement of individual GFP spots (see Supplementary material). Nearly all spots were motile, suggesting that spots move throughout interphase. The pattern of movement was variable and characterized by periods of rapid, linear and directed movements along the length of the cell toward the cell tip or back to the medial nucleus, as well as periods of less-directed or little movement usually near the cell tip or around the medial nucleus (see Figures 1d,2h,3d) . Spots could move a number of times during interphase to and away from the nucleus and did not appear confined to a medial position. The spots moved at 25°C with an average maximal velocity of 71 nm/second (SD 38 nm/second; Figure 1b ,c). Other organelles in the cell visualized by DIC microscopy did not exhibit these types of linear movement, suggesting that the spot is not carried passively by cytoplasmic flow. The spot itself did not correlate with any of the structures visualized by DIC microscopy. In some instances, multiple spots in the cell were seen to 'merge' or fuse into one spot, suggesting that a spot may be an assemblage of smaller components.
The most striking aspect about the movement was that, before mitosis, the spot moved towards the middle of the cell to the site of ring formation (Figure 1d ). In early mitosis, cdc12p formed a ring precisely at the site of the spot (Figure 1d ). During ring formation, the intensity and size of the spot progressively decreased, as if cdc12 proteins were physically spread out from a spot into a ring (Figure 1d ). Previous analysis in fixed cells shows that the cdc12p spot arrives at the site and begins to form a ring in very early mitosis, before filamentous actin (F-actin) is formed into a discrete ring [2] . After mitosis, faint spot or spots once again appeared in cells before cell-cell separation.
It is possible that the cdc12p spot may move on microtubules or actin cables, which are organized in arrays that run primarily along the longitudinal axis of the fission yeast cell [6, 7] . To disrupt microtubules, the microtubule inhibitor thiabendazole (TBZ) was added to cells. As TBZ treatment leaves some residual microtubules in wild-type cells [8] , more complete inhibition of microtubules was achieved by treating alp1 mutant cells (defective in tubulin assembly) [9] with TBZ. No microtubules were detected in 98% (n = 200) of these cells, only dots of tubulin staining around the nucleus (Figure 2f) . Elements of the F-actin cytoskeleton, such as actin patches and cables, were present but disorganized (Figure 2e ) [10] . To inhibit F-actin, cells were treated with the actin inhibitor latrunculin-A (LAT) [11] , which caused a rapid loss of all detectable F-actin structures in 98% of cells (n = 200; Figure 2c ), but did not grossly affect microtubule distribution (Figure 2d ).
Acute inhibition of either cytoskeletal network did not affect visualization of the GFP-cdc12p spot. In mocktreated wild-type cells, 90-100% of the GFP-cdc12p spots moved. In TBZ-treated wild-type and alp1 cells, 86% and 98%, respectively, of the spots moved (Figure 2g ). Therefore, microtubules are not strictly required for spot motility. In LAT-treated cells, 50% of the spots moved, suggesting that F-actin was also not strictly required for movement. Treatment with both LAT and TBZ caused complete cessation of movement (1% of the spots moved), suggesting that movement requires either microtubules or actin. This drug regimen did not kill the cells: 93% (n = 141) of cells treated with both TBZ and LAT were viable after the drugs were washed away, compared with 93% (n = 59) of mock-treated cells. Addition of TBZ and LAT to a tubulin mutant resistant to TBZ (nda3-KM311) [12] did not inhibit movement. Thus spot movement required either F-actin or microtubules, suggesting that the cdc12p spots can move on both cytoskeletal networks. Figure 2h shows tracings of spots derived from time-lapse series in cells with and without microtubules and actin. In wild-type cells, the spots exhibited directed movement between periods of slower, less-directed movement usually at the cell tip or middle. In cells without microtubules (alp1 mutants treated with TBZ), spots moved in a less directed manner. In cells with no F-actin (treated with LAT), spots moved back and forth slowly in a short linear pattern, or were stationary. In cells treated with LAT and TBZ, the spots were stationary. Although the interpretation of these motions should be tempered by the fact that inhibition of one cytoskeletal network may disrupt the organization or dynamics of the other network (see disrupted actin in Figure 2e ), these different patterns of movement support a hypothesis that the spot has two modes of movement.
To test whether the cdc12p spot is associated with actin, cells expressing GFP-cdc12p were stained with rhodamine-phalloidin. All (n = 200) of the GFP-cdc12p spots were surrounded by an 'F-actin cloud', a diffuse accumulation of F-actin associated with actin cables (Figure 3a ,b). This structure is distinct from the brighter, tightly localized actin patch. Similar actin clouds were seen in wild-type cells, but it could not be determined whether cdc12p is associated with actin clouds in wild-type cells, because the fixation conditions used to visualize the actin clouds were not compatible with the ones used to detect cdc12p spots by immunofluorescence. This F-actin cloud and associated F-actin cables may play a role in the movement of the spot.
To test whether the cdc12p spots are associated with microtubules, wild-type cells were fixed and stained for cdc12p and microtubules. The cdc12p spots were associated with microtubules in 75% (n = 200) of interphase cells (Figure 3c ). Spots were associated both with sides and ends of microtubules. To determine whether a spot moves along the length of a microtubule, or simply jumps from one microtubule to another, living cells expressing both GFP-cdc12p and GFP-tubulin [13] were examined. Figure 3d shows time-lapse imaging of a single cdc12p spot that moved both in the absence of microtubules (left column) and along the length of a microtubule (right column). Other time-lapse series in which multiple focal planes were imaged confirmed that spots often moved without association with a microtubule (data not shown).
In general, directed movement along the longitudinal axis of the cell occurred on microtubules, while movement off microtubules was less directed. Movement in the absence of microtubules was most likely to be actin-based as spots were always associated with actin structures (Figure 3a,b) , and movement in cells without microtubules strictly required actin (Figure 2g ). Whereas most of the time spots did not move along microtubules, in LAT-treated cells, spots moved only on microtubules, and spots away from microtubules were stationary (data not shown). These studies show that individual cdc12p spots move on both actin and microtubule networks.
In conclusion, a novel cellular structure containing a protein essential for cytokinesis has been identified. The cdc12p spot moved through the cytoplasm on microtubule and actin cytoskeletons during interphase and arrived at the future site of cell division at the onset of mitosis. At early mitosis, the spot spread out into a ring, and cdc12p organized F-actin and other ring components into the medial ring. Preliminary evidence shows that GFP-cdc12p is located in interphase cells in a discrete cluster of electron-dense material in cells overexpressing GFP-cdc12p (R. Arai, F.C. and I. Mabuchi, unpublished observations). In yeast extracts, sucrose gradient fractionation reveals that cdc12p is located primarily in a 65S particle (F.C., unpublished observations) that may be a component of this electron-dense material. Other than cdc12p, the composition of this particle is not yet known. The function of the particle may be to deliver components of the medial ring, such as cdc12p, to the site of ring assembly. As cdc12p is required for ring formation and the spot is positioned in the middle of the cell before the formation of the actin ring, one possibility that remains to be tested is that the spot may mark the exact site of ring assembly.
Cdc12p spots move using both microtubules and actin, like certain organelles previously reported in melanophores and neurons [14, 15] . It is not yet clear which track or cellular Brief Communication 851 structure targets the spot to the middle of the cell at the onset of mitosis. In S. pombe, the site of ring assembly correlates with the position of the nucleus [16] . Both actin and microtubules may help target the cdc12p spot towards the nucleus as, at the onset of mitosis, cytoplasmic microtubules shrink towards the nucleus and a loose collection of F-actin cables begin to form near the nucleus (F.C., unpublished observations; [7, 17] ).
In animal cells, elegant studies by Rappaport and others show that the positions of the mitotic spindle or aster poles determine the cell-division plane [18] . An attractive hypothesis has been that the microtubules of the mitotic apparatus may act as tracks to deliver and position putative cytokinesis factor(s), 'the cleavage stimulus', to the site of cell division. One possibility is that particles analogous to the cdc12p spot (that may or may not contain formins) may travel on microtubule and actin networks associated with the mitotic spindle to position the cleavage furrow of animal cells.
Supplementary material
Supplementary material including additional materials and methods, a movie showing spot movement and ring formation, and a figure showing that a carboxy-terminal cdc12p-GFP fusion protein is functional and behaves similarly to GFP-cdc12p is available at http://current-biology.com/supmat/supmatin.htm.
Figure 3
Association of the cdc12p spot with an F-actin cloud and microtubules. 
Supplementary materials and methods

Immunofluorescence and GFP microscopy
For immunofluorescence, fission yeast cells were fixed with methanol and processed as described [S1]. Cells were stained with rhodamine-phalloidin as described [S2] except formaldehyde fixation was shortened to 5-10 min at room temperature. This short fixation enhances the visualization of actin cable and cloud structures.
For imaging of GFP-cdc12p, FC286 (h -ura4-d18 leu1 ade6) with an integrated nmt-GFP-cdc12:ura4 + was constructed [S2]. FC286 yeast cells were grown in YE5S overnight (nmt promoter on low) at 30°C to late log phase, diluted 3-5-fold in YE5S and grown for a further 2-3 h. Cells were concentrated in their own media by a 30 sec 5000 rpm spin. Cells (1 µl) were placed on a slide and covered with a coverslip. Cells were imaged with a Nikon E800 fluorescence/DIC microscope with a 100× Plan Apo 1.4 NA Nikon objective and Nikon HQ filter cube with a Cooke (Tonawanda) Sensicam or Hamamatsu Orca I cooled CCD camera using 0.1-0.5 sec exposure times and were driven and analyzed by Phase 3 imaging software (Milford). Images were also taken using a Zeiss confocal microscope for timelapse Z-series analysis, using cells mounted on a YE5S 2% agarose pad. In time-lapse series, movements were commonly recorded for 15-30 min with exposures every 15-60 sec.
For inhibition studies, thiabendazole (Sigma) or latrunculin A (gift from D. Drubin) in DMSO, or DMSO alone was added to 50 µl cell culture, gently vortexed and then preincubated for 15-40 min with shaking before mounting on a slide in media plus drugs, as described above. For nda3 and alp1 mutants, the temperature of the samples was adjusted to 30°C and 36°C, respectively, using a Bioptechs Objective Heater (Butler).
For simultaneous imaging of GFP-cdc12p and GFP-tubulin, FC286 cells with an integrated nmt-GFP-cdc12 construct were transformed with a GFP-tubulin construct, pDQ105 (nmt-GFP-nda2) [S3] (generous gift of Y. Hiroaka and D.Q. Ding). Cells were induced by shifting to thiamine-free media (not selective for pDQ105, to titrate down levels of GFP-tubulin) for 19 h at 25°C (just beginning of induction period). Cells were screened for those with a visible cdc12p spot and microtubules of normal morphologies. Motile spots were not visualized in cells not expressing GFP-cdc12p.
Viability measurement
Viability of cells after drug treatment was determined by washing the cells after 1 h drug treatment in media and plating them on an YE5S plate without drugs. Individual cells were examined and recorded by phase-contrast microscopy before and after an overnight incubation at 30°C. Viability was measured by the ability of individual cells to form a microcolony.
Movie 1
Movie of GFP-cdc12p spot movement and ring formation. Each cell in this field of fission yeast FC286 cells has a discrete GFP-cdc12p spot that moves through the cytoplasm. In the few cells that enter mitosis, the spot 'spreads' out into a medial ring, precisely at the site marked by the spot. This movie represents a 25 min time interval (1 min frame interval) and is a time-lapse series of GFP fluorescent images taken by Z-series confocal microscopy. For each time point, four 1 µm optical sections were imaged and merged, so that the spot is visualized even as it moves in different focal planes. Images that appear to show the spot splitting into two as it moves are an artifact of this analysis, as the spot moved between acquisition of focal planes. 
Supplementary references
Figure S1
Analysis of the cdc12p-GFP fusion protein. A construct that expresses GFP fused to the carboxyl terminus of cdc12p was generated and analyzed to address concerns that the amino-terminal GFP fusion protein described in the paper was not functional and may not be representative of the wild-type situation. The behavior of this functional cdc12p-GFP fusion protein was similar (but not identical) to the GFP-cdc12p fusion protein. The cdc12p-GFP fusion protein was determined to be fully functional because it could support the normal growth and division of a haploid cell when expressed at endogenous levels as its only cdc12 gene. The construct was placed under the control of a moderate nmt promoter (R. Lustig and F.C., unpublished observations) for imaging purposes. This construct encoding nmt*-cdc12p-GFP was integrated into the genome of a wild-type strain to produce the strain FC630. Under inducing conditions, FC630 cells exhibited fluorescent cdc12p-GFP spots and rings in almost every cell and had normal morphology, division and rate of cell growth. (a) Tracings of cdc12p-GFP spot movement from time-lapse images. FC630 cells were grown under inducing conditions and imaged at 30°C. Each outline corresponds to the outline of a single cell, and each circle corresponds to the position of the cdc12p-GFP spot at 1 min intervals. Numbers refer to frame number at 1 min intervals. Each tracing represents a 12-15 min time frame. Note a range of movements similar to those seen with GFP-cdc12p, including fast longitudinal traverses to and from the nucleus (in the middle of the cell) as well as slower lessdirected movements. In contrast to GFP-cdc12p, approximately half of cdc12p-GFP spots showed very little movement in the 15 min timelapse period (see below). These 'stationary spots' did not seem to be stuck at specific locations, as they were seen at variable positions in the cell and at variable cell-cycle stages. (b) Rate of movement of cdc12p-GFP spots. Total velocities reported are derived from a compilation of 295 displacements, each over a 30 sec interval observed for nine representative spots as assayed by time-lapse microscopy. As a whole, spots in FC630 showed less movement than the amino-terminal GFP fusion protein (see movie) due to the increased number of stationary spots. (c) Movement of a cdc12p-GFP spot requires either microtubules or actin. FC630 cells were grown in inducing conditions and treated with 200 µM LAT, 300 µg/ml TBZ singly or in combination; this concentration of TBZ has been recently shown to completely inhibit microtubules [S4] . The movement of spots was assayed as described in Figure 2b . Numbers above the bars denote the number of spots moved/total number assayed. The patterns of movements were very similar to the tracings in Figure 2c in the paper (data not shown). 
